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The use of trade names or mmufaoturera' namea in this report doea not oonatitute indorsement of any aormeroial product. Since their commercial introduction in the 1940's bonded resistance strain gages have been used with great success where strain or displacement of a surface is used as a measure of some physical quantity such as stress. Bonded strain gages were quickly accepted because of their superior sensitivity and especially their ease of use.
The first commercial gages were made of grids of fine metallic wire attached to paper backing bonded on the surface to be strained. In 1952 the first foil gages were introduced in England. These gages are made from a thin foil of a suitable metal, such as constantan, which is bonded to a thin paper or plastic backing and etched into a grid. Foil gages come in many shapes, sizes, and configurations.
For strains below a few tenths of a percent, that is, elastic strains in most metals, bonded strain gages were and are truly superior in sensitivity, linearity, reproducibility, and ease of use. The same can not be said for their use in measuring large plastic strains. Changes in gage constant and zero shifts in cyclic use are often seen. Nevertheless, their superior sensitivity and applicability for both static and dynamic measurement have resulted in resistance gages designed to measure large strains.
II. GAGES FOR LARGE STRAIN MEASUREMENT
The first resistance gages designed to measure large strains were made by Swainger 1 of Minalpha wire and Weibull 2 of Copel. Copel is a coppernickel alloy (55 Cu, 45 Ni) which is close to constantan (60 Cu, 40 Ni) in constitution. The most popular resistance foil gages used for large plastic strains are made of constantan or Advance. Bridgman 3 showed that the pressure coefficient of resistance is essentially the same for Cu-Ni alloys of from 20-80% nickel. Kuczynski 4 also showed that the strain coefficient of resistivity of these alloys was constant over the range from 40-60% nickel and was not affected by wire size down to 0.025 mm diameter. Shoub 5 Here -= 1+ -and e = 7-where, hi is change in length and e is the strain.
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This result would be expected if the resistivity and the volume of the wire do not change during plastic deformation. 2 Franz, Benck, and Diberardo 6 show this same result with high elongation foil gages made of constantan* compared with optical strain measurements. Noting that.
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A gage factor of 2+e should be used to calculate strains for this type gage.
Weibull also ran high strain rate tests with rates to approximately 60/sec. (34% maximum strain). He found no change in the logarithmic slope. Hauver and Melani have used foil strain gages made of constantan in impact tests at much higher rates and found the same gage factor of 2+e when compared to optical strain measurements. These results and those in Reference 6 indicate that there is no problem with the gages tracking the substrate strain, since free wires and bonded gages give the same results. More will be said later about gage tracking.
In most cases, the nominal gage factors of well annealed constantan high elongation gages are within a few percent of 2. Thus, for large strain measurements where errors of a few percent of the total strain are acceptable, 2+e can be used as the gage factor. If greater accuracy in measurement is needed, a closer look must be taken at the mechanism of the gage's piezoresistive response and its strain sensitivity. The next section demonstrates a situation in which this greater accuracy is needed. 
III. VOLUME CHANGES DURING PLASTIC DEFORMATION
For some time this laboratory has used bonded foil resistance strain gages to measure strains during uniaxial tension and compression tests. In these tests both axial and circumferential strains are measured with gages bonded directly to the specimen. True stress and Poisson's ratio can then be calculated. Great care is taken, especially in compression tests, to preclude friction and bending in samples that have a 3:1 length to diameter ratio. 6 Resistance data are logged directly and are measured with a four terminal method to 3 milliohm accuracy and one milliohm sensitivity. Careful reduction of these data include corrections for transverse sensitivity and the effect of large strain as previously described.
Using these results, the volume change during and after deformation can be calculated. Surprisingly, many materials apparently showed what were considered large, permanent, positive volume changes in both tension and compression. Some changes as large as 0.2% were calculated.
These changes were large enough that, although they depended on the difference of two small numbers, the estimated errors in measurement were supposedly less than the effect by at least a factor of ten. They were also large enough to be measured directly by careful liquid displacement experiments to determine the density of the samples before and after deformation.
Therefore, density measurements were made on steel specimens plastically deformed in compression and aluminum alloys deformed in both tension and compression.
The measurements were made with a single pan analytic balance having a sensitivity of 0.01 milligram. Water was used as the immersion liquid and was kept a few degrees above room temperature by a circulating water bath controlled to 0.01 o C. The suspension wire was made of nichrome prepared by a method devised by Bowman and Schoonover 8 to minimize miniscus problems.
Individual density runs of around five measurements on a single sample showed standard deviations of 100-200 ppm. Repeat runs on the same samples gave inter-run deviations of 200 ppm.
The experiments did not confirm the magnitude of the strain gage measurements but showed very small increases in volume or no volume change within the measurement error. Table I shows typical runs of data for 7039 aluminum alloy in compression. These results indicated that the strain gage data was in error and experiments'were undertaken to simultaneously measure the strain mechanically. Note: All volumetric strains are within measurement errors.
IV. MECHANICAL AND ELECTROMECHANICAL MEASUREMENTS OF STRAIN
Careful diametral measurements on samples loaded in uniaxial stress were made with a system similar to an old design by Peterson and Wahl. 9 The mechanical displacement measurements are made with a Huggenberger displacement extensometer gage. 10 Also attached was a Unimeasure 80,* a semiconductor resistance displacement transducer. Simultaneous strain gage measurements were made using two 90° rosette strain gages of the type used in the other tests.** The gages were mounted on 6.35 mm diameter samples 180° apart on the axis 90° from the mechanical measurement. Figure 1 shows a photograph of the system mounted in the testing machine. The Huggenberger gage has a sensitivity of 0.5 micrometer. The Unimeasure 80 used with a high resolution digital multimeter gave a sensitivity of 0.05 micrometer. Accuracy of the electromechanical measurements were estimated as 5%. Deviation from linearity of the measurements over the 0.05 mm displacement range was less than 1%.
*lJnvneasuve } Ino. 3 Figure 2 shows some results from tension tests using berylium-copper specimens which have a high elastic yield strain 00.6%). The Unimeasure 80 strains are plotted against the strain gage results using the usual data reduction methods previously described. The Huggenberger and the Unimeasure 80 data showed excellent agreement. See Figure 3 . Figure 4 shows the results of a compression test on steel.
It is evident that the response of the strain gages changed when the strain in the specimen exceeded a few tenths of a percent. A gage in tension showed an increase in gage factor, one in compression a decrease. These changes were measured to be 2-3% in both tension and compression for the gages used.
In general, these small changes would not be seen since the gage factors of commercial strain gages are usually determined using small strains within the gage material's elastic range or slightly above. Conversely, when Weibull was measuring the response of wires to large plastic strain, his range was too large and small changes at yield were undetected. Weibull's first data point was at 5% strain. The yield strain of annealed Copel is probably less than 0.15%.
V. DISCUSSION
It was clear that the measured residual volume increases were due to the gage factor changes measured. These changes occur at the elastic-plastic yield of the gage material and are probably caused by plastic work. Plastic work increases the resistance of the gage in both tension and compression. For most materials the plastic work in uniaxial stress is almost linear with plastic strain so that the change in gage factor is a constant. See Appendix A for a more detailed explanation of gage response.
The fact that no measurable (with strain gages) volume change occurs can be used to determine the change in gage factor that occurs at the yield. That is, we can choose a gage factor change which will correct the volume data to show no residual volume change. The gage factor, of course, reverts to its original value when unloading occurs since no additional plastic work occurs. This leads to another consideration which must be made since the gages were shown to track the substrate. The stress in the substrate can be very much higher than that in the gage material. This is true especially for steels and other high strength alloys. This means that the elastic unloading strain in the substrate can be much higher than the elastic strain in the gage material. In fact, in some cases the gage material is not only unloaded but reloaded past its yield point in the reverse direction. This means that the gage factor once again changes but in the opposite direction.
The gages' yield strain was determined from the electromechanical measurements as 0.14%. The reverse loading yield strain on unloading was taken as twice the original yield or 0.28%. That is, after the substrate had unloaded 0.14%, the gage factor was changed.
The final strain determination analysis consisted of a computer program which calculated the strains using the appropriate gage factors and original The total strains are then computed by adding the strain in each region. For instance, the strain in the plastic region of the gage is the sum of the strain at yield plus the incremental strain in the plastic region calculated using the resistance of the gage at yield as R in Equation (4). It is assumed that the gage factor changes the same amount whether in compression or tension. Only the sign changes, that is, a decrease for compression,an increase for tension.
Figures 5 and 6 show the volumetric strain vs. true stress for two tests, one in tension, one in compression. These curves compare results with no correction for gage factor and a correction of 0.04.
The correction is seen to be only a few percent of the elastic gage factor but can also be important when measuring cyclic strains. It explains the positive zero shift for cyclic loading as shown by Krempl 11 and Dowling.
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The apparent strain in the tension part of a cycle is larger than the true value and that in the compression part is smaller than the true value, thus the positive shift in zero. This offset is repeated each cycle so that the cumulative zero shift becomes larger as the number of cycles increases. The total maximum strain difference stays comparatively constant during the first 10-20 cycles since the changes in strain in opposite directions are fairly constant. Subsequently, the gages must not track well. This effect worsens as the strain range increases.
Dowling's 12 cyclic stress-strain curve is also explained by this effect. He obtained smaller compressive strains than tensile strains for the same stress difference. BridgmaiT was the first to formulate the equations necessary to describe the effect of general mechanical stress on the electrical resistivity of crystals. These relationships can be represented through the use of a fourthrank tensor usually called the piezoresistive tensor A -^ For elastic stresses the tensor components or coefficients can be described in terms of strains and a strain tensor defined. This kind of analysis has been used to describe the behavior of various materials and their use in stres/" 2 '^3 and strain gages. -4 » Ab For an isotropic material there are only two independent coefficients. Recently Gupt^~6has presented an incremental analysis for gage response which uses the piezoresistive tensor combined with an elastic-plastic model for the dimensional deformation of the gage. This model includes the change in resistivity due to plastic work as well as that due to elastic stresses. The analysis is used to describe the response of manganin and yterbium stress gages to one-dimensional shock wave loading but can just as easily be used to analyze strain gage response to tensile or compressive loading.
Gupta
A -6 defines a right-handed coordinate system such that the X axis is along the gage width, Y along the gage thickness, and Z along the gage length. Then the resistance, R z , of the gage element with electric field and current density directed along the gage length is derived as Aa x , Acy, and Aa z are changes in applied stress in X, Y, and Z directions.
Ae x , Ae Y , and Ae z are corresponding changes in strain, a and 6 are two independent material constants derived from the piezoresistive constants and p measured in the elastic range. AW is the change in plastic work and n a material constant relating changes in plastic work to resistivity. R is the resistance of the gage element before deformation.
In order to use Equation (A-I) to analyze a constantan foil strain gage we first have to consider the deformation of the gage with respect to the strain in the underlying substrate and the gage's plastic backing. BraceA" 5 considered this problem for a foil strain gage where the grid length is much larger than the grid width and thickness. He concluded that the foil gage would track the substrate along the gage length but there would be almost no constraint along the width. In other words, the gage would behave as if in uniaxial tension or compression.
Assuming this analysis is correct (other evidence is given in this report), the strain along the gage length, e-, will be equal to the strain of the substrate in that direction. Equation (A-l) can then be written for elastic strains in the gage material The constants a and 6 are usually obtained from two experiments; the change in resistance due to hydrostatic pressure and the change due to uniaxial tens ion ; v " 1 ' A " 3 » A " 5 In the case of an isotropic strain gage material, only the tension experiment is needed if the elastic mechanical properties are known. It is interesting to point out that if a material has a gage factor of 2.0, the piezoresistive coefficient, a + 23, is numerically equal to its linear compressibility, K = -^ . When the gage material becomes plastic since Aa_ is zero or comparatively small and v = 0.5, the plastic gage factor is A-7 also 2.0. Arit has used a different analysis to point this out. In this case, as was stated previously, the plastic gage factor is actually 2.0 + e, since no plastic volume change is postulated. For the gage factor to be 2.0 + e it is only necessary that the resistivity per unit volume stay constant. This, of course, implies that in Equation (A-l), n = 0.
The gages studied in this report did show gage constant changes when the gage material yielded. This implies that n ^ 0. The value of n can be estimated from the change in gage factor if a uniaxial stress-strain curve for the gage material is known. Appendix B describes some experiments on constantan wires which measured both uniaxial stress-strain curves and gage factors in the elastic and plastic regions and gives an estimate of n.
A " 7 G. The experiments were performed with an Instron Testing Machine. The loadresistance tests were made with 0.32 ram diameter wire approximately 0.58 m long. The wires were mounted in the machine with insulated clamps. Heavier constantan wire leads were soldered to the wire near the top and bottom clamps. These leads were brought to the terminals of a 6 1/2 digit digital multimeter with a four terminal resistance measuring circuit. This procedure kept thermal e.m.f.'s at a minimum. A calibrated load cell was used to measure the load. The crosshead was run at 1.0 mm per minute and load-resistance data obtained.
The Instron Machine has calibrated screws which move the crosshead at constant speed. If the original wire length is known, increases in length after specified times can be used to calculate strains from the known crosshead speed. It was not possible to measure both load and strain in the same experiment because the load cell used had too high a compliance and extended with load. Therefore, the load cell was removed for the strain-resistance experiments.
In order to increase the accuracy of the measurement, a jig was made to increase the length of the wire used. This consisted of a sturdy aluminum pipe 50 mm in diameter with 13 mm wall thickness. An insulated clamp was attached to the top of the pipe which was mounted over the hole in the top stationary crosshead with the load cell removed. This increased the original distance between clamps to approximately 1.6 m. The total resistance was doubled by using a small stiff wire loop at the bottom clamp which was attached to the moving crosshead.
The wire was run from the top clamp down through the loop and back up to the top. The crosshead was usually operated at a speed of 1.0 mm per minute. Some wires were stretched continuously to approximately 2% strain. Some wires were loaded and unloaded up to five times with total strain to 3%. This procedure gave length-resistance data for elastic loading, elasticplastic loading, and unloading. In Figure B -l note that when plastic deformation occurs the gage factor increases and during unloading it changes again. With this data, we can calculate the piezoresistive coefficient for uniaxial stress and also estimate the value of n in Equation (A-l). The stress-strain data were approximated by a bilinear curve as seen in Figure B The elastic gage factor of the wires was measured as 1.99 from the average of 6 tests with 12 loadings and unloadings. Using 2.15 x 10"
6 MPa" 1 as the linear compressibility of constantan, " 1 Poisson's ratio was calculated as 0.35, which corresponds to the value used by Brace.
Then from Equation (A-4) the piezoresistive coefficient, a + 23, has a value 2.1 x 10"^ MPa -1 .
The plastic gage factor, taken as an average from the same tests, was 2.05, determining the plastic work with use of Equation (B-l). The value of n in Equation (A-l) is calculated to be approximately 2 x 10"^ MPa -1 .
B-1 P. W. Bridgman, "Effects of Pressure on Binary Alloys," Proceedings of
American Academy, 84, 121-177 (1957) .
